The aim of this work was to evaluate the effects of strain rate on the microstructural evolution of 5-mm-thick pure copper (99.99%) sheets subjected to conventional rolling (CR) and cross-roll rolling (CRR). The sheets were cold-rolled with a reduction ratio of 90% and then annealed at 400 C for 30 min to obtain the fully recrystallized microstructures. The resulting cold-rolled and annealed sheets had considerably finer grains than the initial sheets. In particular, the average grain size became smaller by CRR (6.5 mm) than by CR (9.8 mm). The mechanical properties of the sheets, i.e., Vickers microhardness and tensile strength, were more enhanced by CRR than by CR. The microstructural development in these processes was systematically discussed.
Introduction
Cross-roll rolling (CRR), i.e., a new rolling process in which the roll axes are tilted against the transverse direction (TD) in the rolling direction (RD)-TD plane, was proposed by Chino et al. 1) Owing to the shear strain generated in this process, it can impose a higher strain energy on rolled sheets than conventional rolling (CR).
2) Lately, severe plastic deformation (SPD) processes, such as equal channel angular pressing (ECAP), high pressure torsion (HPT), accumulative roll bonding (ARB) and high speed ratio differential speed rolling (HRDSR), have been studied with regard to the obtaining of high strength, resulted from grain refinement. [3] [4] [5] [6] [7] Generally, grain refinement is directly affected by stored energy, which is a result of effective strain. 8, 9) In other words, higher stored energy can generate nuclei at more sites in a material during recrystallization, resulting in more refined grains. Some studies have reported that this CRR improves microstructural and mechanical properties. 10, 11) However, very few studies have thus far been conducted for evaluating the performance of CRR. In this study, therefore, the grain refining effect of CRR on the microstructural and mechanical properties of pure copper sheets was evaluated in comparison with that of CR.
Experimental Procedures
A pure copper (99.99%) sheet of 50 Â 30 Â 5 mm was used in this study. Cold CR and CRR were carried out with rolling reduction of 90%. CRR was performed under the rolling-mill conditions in which the roll axes were tilted by 5 from the TD axis, as shown in Fig. 1 . To subject the specimens to extreme shear deformation, CRR was carried out without lubrication. In order to obtain fully recrystallized microstructures, the rolled specimens were then annealed at 400 C for 30 min. The grain boundary character distributions (GBCDs), including grain misorientation angle and texture, were analyzed using electron back-scattered diffraction (EBSD) patterns. For these analyses, the specimens were mechanically ground and then polished using abrasive paper and a vibratory polisher; the specimen surfaces were analyzed using orientation image mapping incorporated in scanning electron microscopy (SEM). Vickers microhardness and tensile tests were used to evaluate the specimens' mechanical properties. The former test was carried out on cross sections of the specimens, with a load of 9.8 N and dwell time of 15 s. Tensile test specimens, having the width of 3 mm and gauge length of 13 mm, were used to evaluate the transverse tensile strength of the rolled and recrystallized materials.
Results and Discussion
The orientation maps derived from EBSD data are shown in Fig. 2 . In the initial state, the material was composed of coarse grains with an average size of 100 mm, ranging from 30 mm to 500 mm, as shown in Fig. 2(a) . The recrystallized structure formed by annealing after CR was far finer than the initial state as shown in Fig. 2(b) . Moreover, it consisted of equiaxed grains with an average size of 9.8 mm with annealing twins. The recrystallization after CRR also resulted in a similar grain structure, albeit with a finer average grain size of 6.5 mm, as shown in Fig. 2(c) .
The misorientation angle distributions of the grain boundaries observed in the Fig. 2 are shown in Fig. 3 . The initial material was composed of low-angle grain boundaries of * Corresponding author, E-mail: skhyun7@nate.com more than 90%, as shown in Fig. 3(a) . In contrast, all the rolled and recrystallized materials were composed of highangle grain boundaries of more than 90%, as shown in Figs. 3(b) and 3(c) . In particular, these materials contained many 60 tilted high-angle grain boundaries, which were identified as annealing twin boundaries observed in fcc metals with low stacking-fault energy. The rolled and recrystallized materials also had a relatively high fraction of 39.5 tilted high-angle boundaries, which were identified as boundaries related to annealing twins, i.e., AE9 boundaries generated by the combination between twins, as shown in Figs. 3(b) and 3(c) .
ND inverse pole figures of the specimens are shown in Fig. 4 . At initial state, the grains were densely distributed at h313i == ND in texture component, as shown in Fig. 4(a) . However, cold rolled specimens processed by CR and CRR showed different texture distributions. As a result, CR and subsequently annealed specimen exhibited h001i == ND texture component in major, as shown in Fig. 4(b) . In case of CRR and subsequently annealed specimen, the grains were distributed at h112i == ND in texture component, as shown in Fig. 4(c) .
The Vickers microhardness, yield and tensile strengths, i.e., the mechanical properties, of the specimens are shown in Fig. 5 . The specimens had Vickers microhardnesses of 127 and 124 Hv after CR and CRR, respectively, as shown in Fig. 5(a) . However, their Vickers microhardnesses changed to 49 and 60 Hv, respectively, upon subsequent annealing. The yield and tensile strengths of the rolled specimens were also similar to each other, as shown in Fig. 5(b) . Further, the yield and tensile strengths of annealed specimens after CRR were 137 and 252 MPa, respectively, which were higher than those after CR (105 and 226 MPa), with a slightly decreased elongation value.
The severe plastic deformation (SPD) caused by CR and CRR resulted in considerable grain refinement of the specimens during the recrystallization heat-treatment. At all conditions, the specimens were fully recrystallized by heattreatment at 400 C for 30 min, as a result, the high angle grain boundaries occupied more than 90%, as shown in Fig. 3 . The CRR and CR processed specimens had refined grain sizes of 6.5 mm and 9.8 mm, as shown in Fig. 2 , respectively; the more refined grain size of the former specimens was attributed to their higher effective strain. CRR can impose higher effective strain than CR in rolled specimens. 12) Generally, the grain size after recrystallization depends on the effective strain generated by deformation. 8, 9) In this study, therefore, the smaller grain size of the CRR processed specimen could be attributable to its higher effective strain than that in the CR processed specimen.
The Vickers microhardness and yield and tensile strengths of the CRR processed specimen were increased to approximately 20%, 30% and 10%, respectively, higher than those of the CR processed specimen, as shown in Fig. 5 . The microhardness distribution versus the increased grain refinement in conventionally rolled specimen satisfied the HallPetch relationship. The following relationship was derived, Hv = 31.6 + 56.9d
À1=2 ; however, CRR processed specimen showed 10% higher distribution than that of CR processed material. Therefore, we conclude that CRR caused greater enhancement of the mechanical properties. This conclusion is also supported by the finer grain size and texture distribution of the CRR processed specimen. Particularly, different texture distributions in CR (001 == ND) and CRR (112 == ND), as shown in Fig. 4 , could be considered for reason of increase in mechanical properties. These findings suggest that CRR can lead materials to smaller grain size and improved mechanical properties after recrystallization by subsequent annealing. 
Conclusions
Cold CR and CRR of pure copper sheets were successfully carried out with rolling reduction of 90%. Both these processes effectively improved grain refinement and mechanical properties (Vickers microhardness, yield and tensile strengths). Consequently, the CR and CRR processed sheets had notably finer average grain sizes of 9.8 mm and 6.5 mm, respectively, compared to the initial average grain size of 100 mm. Furthermore, different texture distributions in CR (001 == ND) and CRR (112 == ND) affect the increase in mechanical properties. Therefore, the mechanical properties of the sheets were more enhanced by CRR than by CR. The higher strain energy imposed in CRR on the rolled sheets therefore improved their grain structure and mechanical properties.
